This report describes the production of highly optically pure D-lactic acid by the continuous fermentation of Sporolactobacillus laevolacticus and S. inulinus, using a membrane-integrated fermentation (MFR) system. The optical purity of D-lactic acid produced by the continuous fermentation system was greater than that produced by batch fermentation; the maximum value for the optical purity of D-lactic acid reached 99.8% enantiomeric excess by continuous fermentation when S. leavolacticus was used. The volumetric productivity of the optically pure D-lactic acid was about 12 g/L/h, this being approximately 11-fold higher than that obtained by batch fermentation. An enzymatic analysis indicated that both S. laevolacticus and S. inulinus could convert L-lactic acid to D-lactic acid by isomerization after the late-log phase. These results provide evidence for an effective bio-process to produce D-lactic acid of greater optical purity than has conventionally been achieved to date.
Cell-recycled continuous fermentation by using a membrane is a widely known method to obtain higher fermentation productivity than can achieved with batch fermentation. 1, 2) Although continuous fermentation presents such difficulties as membrane fouling and contamination, we have recently developed a membraneintegrated fermentation reactor (MFR) fitted with a membrane normally used for biological wastewater treatment which enabled continuous fermentation without membrane fouling or contamination. 3) Lactic acid is a fermentation product that has recently been utilized as a raw material for producing poly(lactic acid) (PLA), a renewable and biodegradable plastic. 4) PLA can occur as poly(L-lactic acid) (PLLA), poly(Dlactic acid) (PDLA), or poly(DL-lactic acid) (PDLLA), these being respective polymers of L-lactic acid, D-lactic acid, and DL-lactic acid. The homopolymers, PLLA and PDLA, are crystalline and have a melting point of approximately 170 C, while PDLLA is glassy. High optical purity of lactic acid brings about preferable physical characteristics such as crystallization, thermostability, and performance of PLA. 5) It has recently been discovered that the D and L enantiomers of lactic acid formed stable stereocomplexes. Stereocomplex PLA (ScPLA) has shown a higher melting point (by approximately 50 C) than that of the homopolymers. 6) About 100,000 tons of PLLA is currently produced per year, and demand for this plastic has been increasing. 7) However, in addition to the production of L-lactic acid used in manufacturing PLLA, the production of optically pure D-lactic acid is also of importance, 8) although efficient technology for D-lactic acid production has not yet been developed. Indeed, the production of D-lactic acid has been less investigated than that of L-lactic acid, although several studies have reported the productivity of D-lactic acid-producing bacteria. Certain bacteria are known to produce D-lactic acid with relatively high optical purity such as Lactobacillus delbrueckii (a 98% enantiomeric excess [e.e.]), Lactobacillus bulgaricus (99% e.e.), and Sporolactobacillus inulinus (98.9% e.e.). 9, 10) A few studies have also investigated the optical purity of D-lactic acid produced by continuous fermentation in an attempt to improve the quality of PLA. 11, 12) This study describes the application of the MFR system to the continuous production of D-lactic acid. We show continuous fermentation by using the MFR system to be an efficient approach for producing D-lactic acid with high optical purity.
Materials and Methods
Microorganisms and culture conditions. The microorganisms used in this study are listed in Table 1 . S. terrae ST316 was originally isolated from farm soil, and thereafter maintained and stocked in our laboratory. Bacterial cultures were maintained on an MRS medium 13) with 4 g/L of CaCO 3 , and were screened for D-lactic acid production. The screening medium contained 5 g/L of yeast extract, 2 g/L of
100 g/L of glucose, and 57 g/L of CaCO 3 . The lactic acid fermentation medium contained 75 g/L of raw sugar from sugar cane (Muso Co., Osaka, Japan) and 5 g/L of yeast extract. The raw sugar contained y To whom correspondence should be addressed. Tel: +81-467-32-9652; Fax: +81-467-32-8364; E-mail: Katsushige Yamada@nts.toray.co.jp Abbreviations: e.e., enantiomeric excess; HPLC, high-performance liquid chromatography; MFR, membrane-integrated fermentation reactor; PLA, poly(lactic acid); PDLA, poly(D-lactic acid); PDLLA, poly(DL-lactic acid); PLLA, poly(L-lactic acid); TMP, transmembrane pressure; TAB, Tris-acetate buffer approximately 98% of sucrose, 1% of glucose, and 1% of fructose. All media were sterilized at 121 C for 30 min. Screening experiments were carried out with static cultivation at 37 C for 3 d on the screening medium with gentle shaking once a day.
Batch fermentation. Batch fermentation experiments were carried out in a 2-L fermentor (ABLE Biott, Tokyo, Japan). The lactic acid fermentation medium (1 L) was added to the fermentor at 37 C and agitated at 300 rpm. Nitrogen was introduced into the fermentation broth at 50 mL/min to maintain anaerobic conditions. The inoculum was incubated in an incubator for 24 h at 37 C in Lactobacilli MRS Broth (Difco, Maryland, USA), while shaking at 100 rpm, before inoculating into the fermentor at a 10% volume fraction. A peristaltic pump was used to add a Ca(OH) 2 slurry, equivalent to 2.5 mol/L, to maintain the pH value at 6.0. Samples were removed at set intervals and stored at 4 C, these samples being analyzed for organic acids, ethanol, residual sugar, and cell concentration.
Determination of the critical flux. Critical flux measurements were conducted according to the stepwise flux method, using the MFR system previously reported.
3) The batch cultivation broth (1.5 L) was poured into the MFR system and filtered. The permeate was returned to the fermentor, and the permeate flux increased stepwise every 15 min while monitoring the transmembrane pressure (TMP).
Continuous fermentation. Continuous fermentation was carried out with the MFR system, using a 2-L fermentor with a working volume of 1.5 L and the microfilter element previously reported.
3) A microfilter reported by Henmi et al. 14) was used for the continuous fermentation. The MFR system, containing 1.5 L of the fermentation medium, was autoclaved (121 C, 20 min) before cultivation. Batch cultivation was initially carried out for 24 h according to the batch fermentation method just described, except that the working volume was changed from 1 L to 1.5 L. After this batch cultivation, the operation was changed to continuous fermentation, and the agitation speed changed to 800 rpm. The filtration conditions were set to achieve a flux below the critical value for individual bacteria, and intermittent filtration was carried out by stopping for 1 min every 9 min of filtration. The permeability of the membrane was continuously evaluated by measuring the TMP value of the microfilter throughout the continuous cultivation process.
Lactate isomerization and lactate dehydrogenase assay. Lactate isomerization and the lactate dehydrogenase assay were carried out as reported by Sakai et al. 15) with some modifications. Whole bacterial cells from a 5-mL cultivation were harvested and washed twice with 10 mmol/L of a Tris-acetate buffer (TAB) at pH 7.2 by centrifuging for 10 min at 8;000 Â g, before resuspending in 5 mL of TAB. A crude enzyme preparation was then made by sonicating (5 s pulses at 30 W with 5 s intervals) the resuspended cells in TAB for 10 min on ice, before centrifuging for 15 min at 8;000 Â g. The resulting supernatant was then used in the enzyme assay. The lactate isomerization activity was assayed in a 0.5-mL reaction mixture containing 10 mmol/L of lithium D-lactate or lithium L-lactate, 10 mg/mL of Triton X-100, 100 mmol/L of TAB at pH 7.2, and the crude enzyme or whole cell preparation. The mixture was incubated at 37 C for up to 2 h, and the reaction was terminated by boiling the mixture for 10 min, before centrifuging for 15 min at 8;000 Â g. The concentrations of D-and L-lactic acids in the resulting supernatant were analyzed by highperformance liquid chromatography (HPLC) as described later. The conversion ratio of L-lactic acid to D-lactic acid was calculated by using the lactate isomerization activity assay just described, except that the mixture was incubated for 6 h to ensure complete conversion. The activities of L-lactate dehydrogenase and D-lactate dehydrogenase were assayed by using an F-kit (Roche, Basel, Switzerland). One unit (mmol/min) of isomerization activity in this study is defined as the amount of activity required to transform 1 mmol/min of D-or L-lactic acid to the other isomer at 37 C.
Analytical methods. The samples removed at set intervals during the fermentation process were analyzed for organic acids, ethanol, sugars (glucose, fructose and sucrose), and cell concentrations. Each sample was centrifuged at 8;000 Â g for 5 min, and the supernatant analyzed for organic acids and sugars. The concentration of organic acids was determined by HPLC (Prominence series, Shimadzu, Kyoto, Japan) equipped with a conductivity detector. A Shim-pack SPR-H column (Shimadzu, Kyoto, Japan) was used with 5 mmol/L of p-toluenesulfonic acid as the mobile phase at a flow rate of 0.8 mL/min. The reaction phase was 5 mmol/L of p-toluenesulfonic acid, 20 mmol/L of Bis-Tris at pH 6.5, and 0.1 mmol/L of EDTAÁ2Na at a flow rate of 0.8 mL/min. The column temperature was maintained at 45 C. The D-and L-lactic acid optical isomers were also analyzed by HPLC with a TSK-gel Enantio L1 column (Tohsoh, Tokyo, Japan) with 8 mmol/L of copper (II) sulfate as the mobile phase at a flow rate of 1 mL/min. The column temperature was maintained at 37 C. Each sample was filtered through a 0.22-mm membrane before the HPLC analysis. The concentrations of glucose, fructose, and sucrose were analyzed by using an F-kit (Roche, Basel, Switzerland). The ethanol concentration was measured by gas chromatography (GC2010, Shimadzu, Kyoto, Japan) equipped with a flame ionization detector. The cell concentration was measured by the optical density at 600 nm (OD 600 ). The yield of D-lactic acid under continuous fermentation was determined by the amounts of sucrose, glucose, and fructose consumed. The optical purity of D-lactic acid (% e.e.) was calculated as (D-lactic acid À L-lactic acid)/(D-lactic acid + L-lactic acid) Â 100.
Results

Screening of the D-lactic acid-producing bacteria
The production of D-lactic acid was examined in 31 bacterial strains of Lactobacillus (18 strains), Leuco- [16] [17] [18] [19] Screening was based on the stereo-specificity and accumulation of D-lactic acid, because these factors influence the cost of D-lactic acid production.
The results of the screening are summarized in Table 1 . Among the tested strains, Lactobacillus delbrueckii (2 strains), Leuconostoc mesenteroides (4 strains), S. inulinus (1 strain), S. laevolacticus (2 strains), and S. terrae (1 strain) produced lactic acid rich in the D-enantiomer. Furthermore, >70 g/L of Dlactic acid was produced by S. inulinus JCM 6014 (98.0% e.e., 73 g/L), S. laevolacticus JCM 2513 (98.2% e.e., 81.4 g/L), JCM2515 (98.2% e.e., 81.4 g/L), and S. terrae ST316 (98.0% e.e., 83 g/L). Based on these screening tests, S. inulinus JCM 6014, S. laevolacticus JCM 2513, which is the type strain of S. laevolacticus, and S. terrae ST316 were selected as good producers of D-lactic acid and used for further investigation.
Batch fermentation of the D-lactic acid-producing bacteria
To further evaluate the substantial D-lactic acid production by S. inulinus JCM 6014, S. laevolacticus JCM 2513, and S. terrae ST316, batch fermentation was carried out in a jar fermentor. Raw sugar from sugar cane was used as the substrate, because cane sugar is an inexpensive feedstock, allowing economic production of lactic acid. 20) After preliminary experiments had clarified that the 3 strains could produce D-lactic acid from cane sugar as a substrate in flask-scale tests (data not shown). Batch fermentation was tested with a fermentation medium containing 100 g/L of raw sugar (Fig. 1) . S. inulinus, S. laevolacticus, and S. terrae respectively produced 77 g/L of D-lactic acid after 89 h of cultivation (0.86 g/L/h productivity), 78 g/L after 68 h of cultivation (1.1 g/L/h), and 71 g/L after 68 h of cultivation (1.0 g/L/h), all the strains completely consuming the sugar. The D-lactic acid yields based on the total amount of sucrose, glucose, and fructose (g/g-sugar) in the raw sugar were respectively calculated as 88%, 89%, and 86%.
The optical purity of D-lactic acid produced by S. inulinus and S. laevolacticus decreased temporarily in the early phase (the lag and early-log phase) of batch culture, and increased again after the mid-log phase. Saturation was respectively reached at 96.4% e.e. and 98.0% e.e. for S. inulinus and S. laevolacticus. However, the optical purity of D-lactic acid produced by S. terrae reached 97% e.e., with gradually increasing productivity of D-lactic acid throughout the batch fermentation.
Continuous fermentation
Continuous D-lactic acid fermentation was performed with S. inulinus JCM 6014, S. laevolacticus JCM 2513, and S. terrae ST316 by using the MFR system previously reported.
3) The concept of critical flux was applied to the MFR system as an operational strategy to reduce the decline in flux caused by membrane fouling, thereby facilitating long-term fermentation. The critical operating flux for the cultivated broth was thus determined for each of the 3 strains: the respective critical flux levels for S. inulinus, S. laevolacticus, and S. terrae were 0.55
2 /h) (data not shown). The filtration operation for the continuous fermentation was subsequently carried out below the critical flux level for each strain to prevent membrane fouling: at 0.5 m/d (a dilution rate of 0.17/h) with S. inulinus and S. laevolacticus, and at 0.25 m/d (0.08/h) with S. terrae.
Continuous D-lactic acid fermentation with the 3 strains was carried out for 280-296 h at the dilution rate just given for each strain after 24 h of batch fermentation. Similar time-course characteristics were obtained for continuous fermentation by at least 2 experiments for each strain. The time-course characteristics for the continuous fermentation of S. inulinus and S. laevolacticus are respectively shown in Figs. 2 and 3 . The D-lactic acid accumulation with S. inulinus reached 64 g/L; the main by-products were ethanol and acetic acid at concentrations <1:0 g/L (Fig. 2a) ; the productivity reached 8.9 g/L/h, and the yield from sugar was 96% (Fig. 2b) . The D-lactic acid accumulation, producc b a
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Optical purity (% e.e.) The sugar concentration is presented as the total of the sucrose, glucose, and fructose concentrations, while the lactic acid concentration is presented as the total of L-and D-lactic acid. Each value is the mean and standard deviation from three independent experiments. Lines roughly follow the experimental data points. Arrows indicate the sampling points during the early-log (1) and late-log (2) phases.
tivity, and yield with S. laevolacticus were 67 g/L, 12.2 g/L/h and 96%, respectively, the concentrations of ethanol and acetic acid as byproducts being <1:5 g/L (Fig. 3a and b) .
Continuous D-lactic acid fermentation demonstrated higher volumetric productivity than that of batch fermentation; the productivity was increased approximately 10-fold with S. inulinus and approximately 11-fold with S. laevolacticus. The optical purity was notably higher with continuous fermentation than with batch fermentation by using both strains. S. inulinus produced D-lactic acid with an almost constant 98.8% e.e. by continuous fermentation (Fig. 2c) , and S. laevolacticus produced D-lactic with a 99.8% e.e. (Fig. 3c) . Figure 4 shows the time-course profile of the continuous fermentation with S. terrae. Although the respective maximum D-lactic accumulation and productivity achieved were 62 g/L and 5.9 g/L/h (Fig. 4a and  b) , the optical purity of D-lactic acid produced by S. terrae with continuous fermentation decreased during the process and subsequently reached equilibrium at 85% e.e. (Fig. 4c) .
The continuous fermentation of S. inulinus, S. laevolacticus, and S. terrae resulted in progressive increases in the respective OD 600 cell concentrations to 70, 90, and 72. TMP is the best indicator for membrane fouling under constant flux operation; fouling was therefore observed as the increase in TMP during these continuous operations. Even though the cell concentration was high, TMP remained below 5 kPa throughout the continuous fermentation process (data not shown), and no signs of membrane fouling were apparent.
Evaluation of lactate dehydrogenase and lactate isomerization
To evaluate the improvement in optical purity, the lactate dehydrogenase and lactic acid isomerization of S. inulinus JCM 6014, S. laevolacticus JCM 2513, and S. terrae ST316 were investigated in the early-log phase (the sampling times are indicated by 1 in Fig. 1 ) and late-log phase (the sampling times are indicated by 2 in Fig. 1 ) during batch fermentation. As shown in Table 2 , all 3 strains demonstrated activities of both L-lactate dehydrogenase and D-lactate dehydrogenase. The specific activity of D-lactate dehydrogenase for all 3 strains was higher than that of L-lactate dehydrogenase.
The lactate isomerization activity was also investigated by the method described by Sakai et al.
15)
Isomerization activity was apparent for L-lactic acid to D-lactic acid with the 3 Sporolactobacillus strains, but no activity of D-lactic acid to L-lactic acid was apparent. The specific activity of the isomerization reaction for both S. inulinus and S. laevolacticus increased during the cultivation time, while the specific activity of the isomerization reaction was constant for S. terrae.
The conversion ratio of L-lactic acid to D-lactic acid was also determined. The S. inulinus and S. laevolacticus strains demonstrated almost complete conversion of L-lactic acid to D-lactic acid (>99:9% e.e.) for whole cells or the lysate, while the conversion ratio was approximately 90% for the S. terrae strain.
Discussion
We screened 31 strains of bacteria to isolate those strains producing D-lactic acid with high optical purity; such strains could then be applied for making PDLLA and ScPLA. We found that S. inulinus, S. laevolacticus, and S. terrae all produced D-lactic acid at a high concentration (more than 70 g/L) and with high optical purity (almost 98% for four strains, Table 1 ). Compared to the other bacteria screened for D-lactic acid production, the optical purity of D-lactic acid produced by the Sporolactobacillus genus was almost equal to that of D-lactic acid produced by Lactobacillus delbrueckii (98.3% e.e) and Leuconostoc mesenteroides (97.2% e.e.). Both of the latter are known as good D-lactic acid producers; however, in this study, these two bacterial strains were not outstanding in their capability for producing D-lactic acid at a high concentration. Some studies have investigated the ability of mutants derived from Lactobacillus lactis (98.0% e.e.) 21) and genetically modified Lactobacillus plantarum (99.6% e.e.) 12) to effectively produce D-lactic acid with high optical purity; nevertheless, optically pure D-lactic acid production by lactic acid bacteria has not yet been achieved.
Sporolactobacillus strains are classified as sporeforming bacteria, and have long been known for their capability to produce D-lactic acid. 22 ) Although Fukushima et al. 10) have also found S. inulinus to produce D-lactic acid with high optical purity (98.9% e.e.; 98.0% e.e. in our study), few other studies have investigated the bacteria of this genus for the production of D-lactic acid, and the optical characteristics of the yield. The screening results obtained in this study suggest that spore-forming bacteria should be further investigated to identify other strains that are capable of producing D-lactic acid with high optical purity.
Continuous fermentation with a membrane is a popular method for obtaining high productivity. Various studies have been performed to improve the L-lactic acid productivity by continuous fermentation with a membrane, 23) although there is no report for D-lactic acid fermentation. This study has shown that continuous fermentation by the Sporolactobacillus genus using the MFR system achieved higher volumetric productivity for D-lactic acid than batch fermentation; the productivity was in fact almost 10 times higher than that by batch fermentation. Such feedstocks as corn, potato, beet, rice, and sugarcane have been evaluated for D-lactic acid fermentation. 24) The optical purity of D-lactic acid produced by fermentation is generally influenced by these substrates. 25) We had chosen raw sugar as the feedstock for fermentation in this study, and found that the optical purity was higher with continuous fermentation than that with conventional batch fermentation when S. inulinus and S. laevolacticus were used. In particular, the optical purity of D-lactic acid was improved from 98.0% e.e. to 99.8% e.e. when S. laevolacticus was continuously cultivated, rather than by batch fermentation. Moreover, continuous D-lactic acid fermentation by the MFR system could be operated over the long term without membrane fouling. The MFR system should therefore be effective for the continuous production of D-lactic acid with high optical purity when using S. inulinus and S. laevolacticus with various feedstocks.
To further investigate the enhanced optical purity of D-lactic acid during the cultivation process, the lactic acid-producing enzyme activities (L-lactate and D-lactate dehydrogenases) were investigated ( Table 2 ). It is known that some bacteria producing D-lactic acid with high optical purity, such as Lactobacillus and Leuconostoc species, lack L-lactate dehydrogenase activity; 26) however, S. inulinus, S. laevolacticus, and S. terrae clearly possessed L-lactate dehydrogenase activity ( Table 2 ). The isomerization reaction for L-lactic acid to D-lactic acid was also observed in the crude enzyme and whole cell of those three strains. As far as we know, this reaction was the first observation, except for the case of the chemo-enzymatic reaction. 27) It is interesting that the specific activity of the isomerization reaction increased with increasing cultivation time for both S. inulinus and S. laevolacticus, but not for S. terrae. The improvement in the optical purity from the mid-log phase onward with S. inulinus and S. laevolacticus might therefore have been due to the rapid transformation of L-lactic acid, produced by L-lactate dehydrogenase, to D-lactic acid by the isomerization reaction. The enhanced isomerization activity observed during continuous fermentation may have improved the optical purity of D-lactic acid produced by these two strains. The specific activity of D-lactate dehydrogenase in S. terrae was lower than that of L-lactate dehydrogenase during the lag phase, while the activity of D-lactate dehydrogenase was higher than that of L-lactate dehydrogenase during the late log phase. In accordance with this observation, the optical purity of D-lactic acid was gradually elevated during batch fermentation, even though the specific activity of isomerization (L to D) increased slightly during the fermentation process. The decrease in optical purity of D-lactic acid during continuous fermentation was possibly due to a reduction in the isomerization activity of S. terrae. Further study is necessary to understand the correlation between the isomerization activity and optical purity of D-lactic acid, especially for those enzymes involved in the isomerization reaction with continuous fermentation.
In conclusion, the results of our study have demonstrated the efficient bacterial production of D-lactic acid with high optical purity by using the MFR system. The results obtained in this study suggest that D-lactic acidproducing bacteria having the ability to convert L-lactic acid to D-lactic acid would be particularly useful for producing D-lactic acid with high optical purity.
